Abstract. We present SEST-SIMBA 1.2-mm continuum maps and ESO-NTT SOFI JHK S images of the Galactic H  region RCW 79. The millimetre continuum data reveal the presence of massive fragments located in a dust emission ring surrounding the ionized gas. The two most massive fragments are diametrically opposite each other in the ring. The near-IR data, centred on the compact H  region located at the south-eastern border of RCW 79, show the presence of an IR-bright cluster containing massive stars along with young stellar objects with near-IR excesses. A bright near-and mid-IR source is detected towards maser emissions, 1.2 pc north-east of the compact H  region centre. Additional information, extracted from the Spitzer GLIMPSE survey, are used to discuss the nature of the bright IR sources observed towards RCW 79. Twelve luminous Class I sources are identified towards the most massive millimetre fragments. All these facts strongly indicate that the massive-star formation observed at the border of the H  region RCW 79 has been triggered by its expansion, most probably by the collect and collapse process.
Introduction
Several physical processes linked to the expansion of H  regions may trigger star formation. A review of the different processes is given by Elmegreen (1998) . Among these processes, we are interested in the collect and collapse mechanism because it leads to the formation of massive objects (stars or clusters, Deharveng et al. 2005 , hereafter paper I). This process, first proposed by Elmegreen & Lada (1977) , has been treated analytically by Whitworth et al. (1994) . Because of the supersonic expansion of an H  region into the surrounding medium, a compressed layer of gas and dust accumulates between the ionization and the shock fronts. With time this layer grows in mass and possibly becomes gravitationally unstable, fragments, and forms massive cores. Those cores represent potential sites of second-generation massive-star formation.
To better understand this process of triggered massivestar formation, we have begun a multi-wavelength study of Send offprint requests to: A. Zavagno ⋆ Based on observations obtained at the European Southern Observatory using the ESO New Technology Telescope (NTT) (program 70.C-0296) and the ESO Swedish Submillimetre Telescope (program 71.A-0566), on La Silla, Chile the borders of Galactic H  regions. We selected H  regions with a simple morphology (circular ionized regions surrounded by dust emission rings in the mid-IR) and hosting signposts of massive-star formation at their peripheries (luminous IR sources, ultracompact radio sources; see paper I for details about the selection criteria and the sample). Near-IR imaging gives information about the stellar nature of the luminous IR point sources observed at the borders of the ionized regions. It allows us to identify massive stars there and hence to confirm that massive objects (stars or clusters) are indeed formed via this process. Millimetre data (molecular emission lines or/and dust emission continuum) are used to search for massive fragments along an annular structure surrounding the ionized gas. The IR sources should be observed inside or close to these molecular cores. Sh 104, a Galactic H  region, is the prototype of H  regions experiencing the collect and collapse process to form massive stars (Deharveng et al. 2003) . Other candidates proposed in paper I are under analysis; RCW 79 is one of these. It has been studied in detail by Cohen et al. (2002) . The presence of a compact H  region located at its south-east border, just behind its ionization front, indicates that massivestar formation has taken place there. Cohen et al. proposed that RCW 79 encountered a massive molecular clump during ′ sion integrated over the −50 to −44 km s −1 range shows a massive condensation (M ≃ 6000-12000M ⊙ ) in the direction of the compact H  region. The mean H 2 density in this condensation is 1400 cm −3 . Maser emissions (OH, methanol and water) have been detected in RCW 79 towards the mid-IR MSX point source (Caswell 2004 , van der Walt et al. 1995 ; see also Table 1 ), indicating that massive-star formation is taking place. The emission peak of the methanol and water masers are observed at −51 and −49 km s −1 , respectively, indicating that those emissions are indeed associated with RCW 79. Fig. 1 shows a hole in the ring of dust emission surrounding RCW 79, to the north-west. Hα emission is observed in this direction, suggesting that RCW 79 may be experiencing a champagne phase, the ionized gas flowing away from the H  region through this hole. We discuss this point in Sect. 4.3.
Radio continuum emission
The MGPS2 (Green 1999) 843 MHz radio continuum map presented by CGPMC (their fig. 5 ), obtained with a resolution of 43
′′ × 49 ′′ , shows that the radio source corresponding to RCW 79 consists of a large shell nebula, of diameter ∼ 12 ′ (similar to the optical nebula), and a compact region. No flux density has been published for this source. From the map we estimate that its flux density is about 1/16 that of the total source. Assuming that we are dealing with thermal emission, and adopting the total flux density of the source, 17 Jy at 5 GHz, measured by Caswell & Haynes (1987) , we obtain fluxes of 1 Jy and 16 Jy respectively for the compact and extended radio sources. These radio flux densities allow us to estimate the ionizingphoton fluxes, and hence the spectral types of the main exciting stars (assuming that a single main-sequence star dominates the ionization in each region). Using eq. 1 of Simpson & Rubin (1990) , and a distance of 4.3 kpc, we derive ionizing fluxes N Lyc of 2.9 × 10 49 and 1.9 × 10 48 photons s −1 for the extended and the compact H  regions, respectively. There are large uncertainties in the effective temperatures and the ionizing fluxes of massive stars, for a given spectral type. According to Vacca et al. (1996) and to Schaerer & de Koter (1997) , these ionizing fluxes correspond to O5V and O9.5V stars, respectively. According to Smith et al. (2002) , these fluxes correspond to O3V-O4V and O8.5V stars, respectively. According to Martins et al. (2005) they indicate O4V and O8V stars. Thus the large RCW 79 H  region is a high-excitation region possibly ionized by a star in the O3V-O5V range, while the compact H  region is of lower excitation, possibly ionized by a star of spectral type O8V-O9.5V. On the other hand, the IR luminosity of the IRAS point source observed in the direction of the compact H  region (55000 L ⊙ ) gives a limit of O9V for the most luminous/massive star of the exciting cluster. New radio continuum maps at higher resolution are needed to resolve the compact H  region and measure its size and radio flux.
Observations
3.1. SEST-SIMBA 1.2-millimetre continuum imaging ′′ . Nine individuals maps covering the whole region were obtained with the fast scanning speed (80 ′′ per second). The total integration time was 10.5 hours. The final map was constructed by combining the individual maps. Skydips were performed after each integration to determine the atmospheric opacity. Maps of Uranus and Neptune were obtained for the calibration. The individual maps were reduced and analyzed using MOPSIC, a software package developed by Robert Zylka (Grenoble Observatory ; see also http://www.astro.ruhr-uni-bochum.de/nielbock/simba/mopsic.pdf). The common procedures are described in Chapter 4 of the SIMBA Observers Handbook. A detailed description of the data reduction can be found in Chini et al. (2003) .
The data reduction of the nine individual maps is done in two steps. The first step includes a global baseline fit, despiking, deconvolution of the instrumental bandpass, gainelevation, opacity corrections and skynoise reduction. A map is then created by combination of individual maps. This map is used to define a polygon that includes the emission zone. Then the same procedure is applied to the original FITS files but using the zone outside the polygon for the baseline fitting. The final map is obtained at the end of this second iteration. The calibration was obtained using planet maps. We derived a conversion factor of 55 mJy/count for the first day and 51 mJy/count for the second day, applied respectively to the individual maps before the final combining. The residual noise in the final map is about 20 mJy/beam (1σ). We then used the emission above 5σ (100 mJy/beam level) to define the 1.2-mm condensations.
ESO-NTT near-IR imaging
Images in the J (1.25 µm), H (1.65 µm), and K S (2.2 µm) near-infrared bands were obtained on the nights of 14 and 15 February 2003 with the SofI camera at the ESO New Technology Telescope (NTT). They cover a 2.
′ 66 × 3. ′ 85 area centered on the bright MSX point source. The corresponding images obtained on the first night combined 40 (J), 19 (H), and 10 (K S ) separate frames obtained with small offsets in between, using stellar images to determine the telescope offsets before combination. Each frame consisted in turn of 20 individual exposures co-added on the detector, with individual integration times of 2.4, 2.4, and 1.2 sec in the J, H and K S filters. The rather short detector integration times were chosen because of the presence of bright saturating stars in the field of view. The observation sequence was repeated on the following night, this time obtaining respectively 26, 24, and 8 frames with 15 individual exposures of 4, 2.5, and 2 sec. The individual images were dark-subtracted, divided by a master flat field, and sky-subtracted before combination. Both the amplitude of the telescope offset pattern and the number of exposures in each filter were large enough to allow us to produce an acceptable sky frame by median averaging the dark-subtracted, flat-fielded frames uncorrected for the telescope motion, clipping off in the median averaging the upper half of the pixel values at each detector position.
Sources were detected using DAOFIND (Stetson 1987) . A master list of sources was produced by running DAOPHOT on a single image built by adding the J, H, and K S images, so as to ensure that all sources observed in at least one filter entered this master list. Unsaturated and relatively isolated bright stars in the co-added JHK S image were used to determine an approximate PSF, needed for automated point source identification. Photometry was then performed on the images obtained through each filter by defining an undersized aperture at the position of each star in the master list, measuring the flux inside it, and adding the rest of the flux in the PSF as given by the fit of a circularly symmetric radial profile to each stellar image. This procedure allowed both to reduce the contamination to the aperture photometry by other stars located on the wings of the PSF, and to adjust to the mildly variable image quality across the field of view. Finally, zero-point calibration was carried out by observing six infrared standard stars from Persson et al. (1998) at different air-masses during both nights.
Hα observations
Hα Fabry-Perot observations of RCW 79 were obtained with the CIGALE instrument on a 36-cm telescope (La Silla, ESO) in May 1990. A description of the instrument, including data acquisition and reduction techniques, can be found in le Coarer et al. (1992) . The field of view is 39
′ with a pixel size of 9 ′′ . The Fabry-Perot interferometer has an interference order of 2604 at Hα, providing a free spectral range equivalent to 115 km s −1 , and a spectral sampling of 5 km s −1 . The velocity accuracy is ∼1 km s −1 .
The Hα profiles are decomposed into several components: Hα geocoronal and OH night-sky lines, and nebular lines. The channel maps show that the nebular velocity ranges from −72 km s −1 to −18 km s −1 . The Hα emission associated with RCW 79 is in the range −51 to −40 km s −1 . Two other Hα emissions are superimposed along the line of sight: the local arm emission at V LS R ∼ 0 km s −1 , and that of the Sagittarius arm at V LS R ∼ −25 km s −1 . To increase the S/N ratio, profiles were binned over 5 pixel×5 pixel areas. Figure 2 shows the 1.2-mm continuum emission superimposed on a SuperCOSMOS Hα image of the region. The fact that this 1.2-mm emission surrounds the ionized region, is located just beyond the ionization front (Fig. 2) and shows the same annular structure as shown by the mid-IR dust emission (Figs. 1 and 3) demonstrates that this emission is associated with RCW 79. Fig. 3 presents the 1.2-mm continuum emission (as contours) superimposed on the 8 µm GLIMPSE image of RCW 79. The lowest contour shown in Fig. 3 delineates the condensations' surface as defined, for the mass estimates, at the 5σ level (100 mJy/beam, Sect. 3.1).
Results

Continuum imaging at 1.2-mm
The millimetre continuum map reveals the presence of nine fragments. Five (nos 1 to 5) of the nine form an emission ring surrounding the main ionized region RCW 79. Two (nos 6 and 7) are situated in front of the ionized gas, as shown by the absorption features observed in the visible (Fig. 2) . Fragments 8 and 9, in the North, are most probably related to the region, judging from the faint GLIMPSE mid-IR emission observed there. 
Mass estimates
The millimetre continuum emission from condensations identified in Fig. 3 is mainly due to optically thin thermal dust emission. Following Hildebrand (1983) and assuming standard dust properties and gas-to-dust ratio, the integrated millimetre flux is related to the total (gas+dust) mass of the condensations. For the mass estimates, we used the 1.2-mm integrated fluxes, F int 1.2mm , given in Table 2 . For condensation 2, we did not correct this flux for the free-free emission of the compact H  region. Indeed, this emission does not coincide with the millimetre emission peak, and higher resolution radio data are needed to accurately estimate its contribution. Note that the dust mass estimate for this condensation is, therefore, an upper limit.
According to Hildebrand (1983) the "millimetre" (gas+dust) mass is related to the flux by
where κ 1.2mm is the dust opacity per unit mass at 1.2-mm and B 1.2mm (T dust ) the Planck function for a temperature T dust . The values of T dust and κ 1.2mm are unknown and have to be assumed to derive the masses. The dust temperature should be in the 20-30 K range, as usually assumed for protostellar condensations (cf. Motte et al. 2003) . Ossenkopf & Henning (1994) recommended using a value of κ 1.2mm = 1 cm 2 g −1 for a protostellar cores dust mass and g is the gas-to-dust ratio that we assume to be 100. Table 2 lists the measured and derived properties obtained for the millimetre fragments identified in Fig. 3 . Column 1 gives the fragment numbers, columns 2 and 3 give the emission peak coordinates, column 4 gives the 1.2-mm integrated flux, and column 5 the range of derived masses for the corresponding fragment, depending on the adopted temperature (20 or 30 K). Note that the lower mass values correspond to the higher dust temperature.
Stellar content of the millimetre condensations
We have investigated the stellar content of the three most massive millimetre condensations (nos 2, 3 and 4, see Fig. 3 ). We are particularly interested in identifying red and luminous objects observed in the direction of these condensations. Such sources may represent embedded massive young stellar objects, whose formation has been triggered by the expansion of the RCW 79 H  region. We look in more detail at condensation 2 where the stellar cluster ionizing the compact H  region is observed. The near-IR ESO-NTT observations cover this region.
Figs. 4, 5, and 6 (top) present the 1.2-mm emission as contours superimposed on the Spitzer GLIMPSE 3.6 µm frame for condensations 2, 3 and 4, respectively. Several of the objects discussed in the text are identified according to their numbers in Table 3 . Figs. 4, 5, and 6 (bottom) present a colour composite image displaying the 2MASS K S frame in blue, the GLIMPSE 3.6 µm frame in green and the GLIMPSE 8 µm frame in red, for condensations 2, 3 and 4, respectively. Note that the 3.6 and 8 µm images are very similar, both filters including PAH emission bands (at 3.3 and 8.6 µm). However, the continuum emission from normal stars is only visible in the 3.6 µm image and not at 8 µm, hence a dominance of the K S (blue) and 3.6 µm (green) emissions from normal stars in Figs. 4, 5, and 6 (bottom) . Table 3 gives the position and photometry from 1.25 µm to 8 µm of the sources discussed in the following. Column 1 gives their identification numbers, according to Figs. 4 (see Fig. 4 . Condensation 2 -Top) The 1.2-mm continuum emission is superimposed, in contours, on the 3.6 µm image taken from the Spitzer GLIMPSE survey. Bottom) Color composite image combining the K S image from the 2MASS survey (in blue), and the 3.6 µm (in green) and the 8 µm (in red), both from the GLIMPSE survey. The stars discussed in the text are identified by their numbers in Table 3 also Fig. 11) , 5, and 6, for condensations 2, 3 and 4, respectively. Columns 2 and 3 give their coordinates according to the GLIMPSE point source catalogue (PSC, http://www.astro.wisc.edu/sirtf/), except for sources in condensation 2 for which the ESO-NTT positions -more accurate -have been taken. For the star of source 1 in condensation 4 (1 star in Table 3 ) we have taken the 2MASS position. Columns 4 to 6 gives their J, H and K S magnitudes, from the ESO-NTT observations for sources near condensation 2, and from the 2MASS PSC (http://tdc-www.harvard.edu/software/catalogs/tmpsc.html) for sources near condensations 3 and 4. Columns 7 to 10 gives their Table 3 . We use both near-and mid-IR data to discuss the nature of the sources observed towards the condensations. We present the Table 3 at which we attached C3 or C4 for labeling the objects of condensation 3 and 4, respectively. For the main sequence in Fig. 7 and 8, we have used the absolute magnitudes M V of stars from O3 to O9 of Martins et al. (2005) and from Schmidt-Kaler (1982) for later type stars. The colours for main sequence stars and the colours and absolute magnitudes for giants are from Koornneef (1983) . Note that large differences exist in the estimated absolute visual magnitudes of massive stars, depending on the authors. As an example we display in Fig. 7 the uncertainties for an O6V star. The absolute magnitude of such a star is −5.5 according to Schmidt-Kaler, −5.11 according to Vacca et al. (1996) and −4.92 according to Martins et al. (2005) . Recent results on ISO-SWS data dealing with ionization diagnostics of compact H  regions (Morisset et al. 2004 ) indicate that the model used by Martins et al. gives better agreement with the observations. Therefore we adopt this calibration in the following. Typical errors are 0.04 for the K S magnitudes and 0.07 for the J − H and H − K S colours. The reddening law is from Mathis (1990) for R V =3.1. In both diagrams we have drawn the interstellar reddening line originating from a B2V star and from a MOIII star, for A V =30 mag. In Fig 7, we also plot the main sequence shifted by a visual extinction of A V =4.3 mag using the standard value of A V =1 mag kpc −1 for the foreground interstellar reddening.
We are interested in detecting massive young stellar objects and candidates ionizing stars. Therefore we identify, in Fig. 7 , all the sources that have a K S magnitude brighter than that corresponding to a B2V star. However, giants also fall in this group and the magnitude-colour diagram alone does not allow one to separate those stars from the others. Therefore we use the colour-colour diagrams (Figs. 8 and 9 ), which clearly separates giants from other sources. Two extinction vectors are shown in Fig. 9 for A V =30 mag, taken from Allen et al. (2004) , using the two extremes of six vectors calculated by Megeath et al. (2004) . Extinction tends to move sources to the upper left (see Fig. 9 ). We have also indicated in Fig. 9 the colours of the filaments (filled lozenge) measured in the direction of the PDR surrounding the ionized gas, and probably dominated by the PAH emission bands in the 3.6 µm, 5.8 µm and 8.0 µm filters. These colours are Figure 10 shows a JHK S colour composite image of the compact H  region observed on the border of RCW 79. This colour image outlines four main zones that are identified in Fig. 11 and discussed below.
The stellar cluster exciting the compact H  region As shown in Fig. 11, stars 6, 15, 19, 22, 46, 85, 136, 154 and 372 are observed in the direction of the central cluster. The Table 3 and shown as filled squares. The sources observed towards condensation 3 are shown as empty squares and identified by their numbers in Table 3 Table 3 . Stars 6, 15, 19, 22, 46, 85 and 136 are probably main-sequence stars affected by a visual extinction in the range 3 -22 mag, possibly indicating large small-scale variations of the visual extinction. Note that massive stars have no pre-main sequence phase and are already on the main-sequence while still accreting matter. Inside the cluster, stars 6 and 22 are bright at all wavelengths. Star 6 is the dominant exciting star of the compact H  region. According to the absolute calibration of Martins et al. (2005) its K magnitude points to a spectral type between O6 and O7 (Fig. 7) , hence earlier than what is derived from the radio observations (Sect. 2.1). However, part of the stellar radiation may escape and not be used to ionize the gas, leading to an underestimate of the spectral type using radio observations. Near-IR spectroscopy is needed to discuss the spectral type of young massive stars (Repolust et al. 2005) . Star 22 seems to be associated with diffuse emission on the 4.5 µm and 8 µm frames of the GLIMPSE survey. (However the GLIMPSE resolution does not allow determination of the magnitudes of the individual stars in the cluster). Stars 154 and 372 show a near-IR excess. The colour-colour diagram of Fig. 8 shows that star 11 is a giant. This is confirmed by its [3.6] − [4.5] colour, and by its non-detection at 8 µm.
A faint red arc is observed in the K S frame, north-west of the cluster centre (Fig. 10) . This arc outlines the limits of the ′ 66 × 3. ′ 85. North is up, east is left compact H  region. The origin of this red emission may be fluorescent H 2 emission from the hot PDR and included in the K S band at 2.12 µm. H 2 at 2.12 µm and dust emission are known to coincide spatially in Galactic PDRs due to a common excitation origin from UV photons and to the efficient formation of H 2 molecules on the surface of grains (Habart et al. 2003 , Zavagno & Ducci 2001 . The complete emission shell that outlines the ionization front is not observed in K S but clearly appears at 8 µm in the GLIMPSE frame (Fig. 4 bottom) . This indicates that the zone surrounding the central cluster is more affected by extinction in the south and east.
The filament A red filament is observed 57 ′′ (1.2 pc) northeast of the central cluster (Figs. 10 and 11) . The emission peak of this filament corresponds to object 91, which shows a near-IR excess (Fig. 8) . Maser sources are observed in the exact direction of object 91 (see Sect. 2). Furthermore the near-IR colours of object 91 are in good agreement with the ones found in high-mass star forming regions, at the positions of maser emissions (Goedhart et al. 2002) . Object 91 is a bright Class I object (Figs. 4 and 9 ). All this shows that massive-star formation is presently taking place in this region. Other objects observed towards this region (31, 54, 482) show a near-IR excess, reinforcing the idea of an active and recent star forming region. Object 54 seems to be associated with a small nebulosity, conspicuous on the 8 µm GLIMPSE image (Figs. 4 bottom) .
The red objects group A group of four very red objects (18, 89, 101, 186 ) is observed south-east of the central cluster (see Fig. 11 ). An additional isolated red source (object A) is observed nearby. This zone is located at the south border of condensation 2 (Fig. 4 top) . As seen in Fig. 8 object 101 is a reddened giant. Sources 18 and A have a near-IR excess. Source A is the reddest object of the field, with H − K S = 2.59 (it is not detected in J which indicates that J ≥ 19.5 and therefore J − H ≥ 2.7). Sources 18 and A brighten at longer wavelengths, as shown by the GLIMPSE data (Fig. 4) . Fig. 9 shows that sources A and 18 are Class I objects with rising SEDs.
The nature of objects 89 and 186 is not clear. They are brighter than B2V stars, but they have no associated H  regions; according to Fig. 8 they do not present a near-IR excess. They are very reddened, thus probably are not foreground objects. Star 89 has the [3.6] − [4.5] colour of a giant, and both sources disappear at longer wavelengths; we propose that both are giants, even if it is not clear from Fig. 8 .
Many other red sources are observed in the near IR. Those sources are probably located behind the filamentary dust structures observed in the mid-IR that outline the PDR associated with the compact H  region (see Fig. 4 ). These objects are too faint to be detected on the GLIMPSE images and are not, therefore, discussed here.
Reddened giants A group of reddened giants is observed on the upper north-eastern part of the field (Fig. 11) . This zone contains very luminous objects (2, 4, 7, 28, 37) as shown by Fig. 7 . The colour-colour diagram of Fig. 8 reveals that all those sources are reddened giants affected by a visual extinction in the range 5-27 mag. Those reddened sources are visible in the GLIMPSE images and possess specific colours (Fig. 9 ) that make them easy to identify as giants (Indebetouw et al. 2005) .
Object 237 is particularly interesting as a bright Class I source that appears isolated on the GLIMPSE images (Fig. 4) . It is a faint K S source with a near-IR excess (Fig. 8) and a strongly rising SED. This source is probably a massive young stellar object.
Condensation 3
As seen in Fig. 5 , several luminous red objects are observed in the direction of condensation 3. Objects 1, 3 and 5 (1C3, 3C3 and 5C3, respectively) are Class I sources (Fig. 9) . Object 1 is relatively faint in K S and has a near-IR excess (Fig. 8) . Object 3 is highly reddened and is probably a high mass object. Object 5 has a near-IR excess (Fig. 8) confirming its nature as a young star. Object 2 has GLIMPSE colours very similar to those of the filaments. It may be a B star surrounded by a small PDR. From Fig. 9 the nature of object 4 is not clear, possibly due to the proximity of another star. However, the near-IR data indicate that this source may be a giant (Figs. 8, 7 ).
Condensation 4
As seen in Fig. 6 , several luminous red objects lie along the border of condensation 4, close to the ionized gas, but none are observed at the condensation's millimetre emission peak. These objects are of different nature. Object 1 (1C4) is a small nebulosity of about 0.3 pc × 0.4 pc around a central star. Its GLIMPSE colours are very similar to those of the filaments. This extended emission probably originates from a PDR region associated with star 1, a B star with a visual extinction of 7 mag. The near-IR data indicate a massive main-sequence source. Object 2 (2C4) is also a small nebulosity with the colours of the filaments. This source is relatively faint in the K S band and may have a near-IR excess if it is a low mass object. Objects 3 (3C3)and 4 (4C4) are Class I objects (Fig. 9) . Object 4 is particularly interesting as it is a high luminosity source, one of the brightest objects seen by GLIMPSE in the RCW 79 field, apart from giants. This object has a large near-IR excess ( (Fig. 8 ) and is probably a young massive star. Object 5 (5C4) is a red giant with a visual extinction of 20 mag. This is confirmed by its position in Figs. 7, 8 and 9, lying in the giant region where numerous stars are observed. Object 6 (6C4) is situated at the head of a bright rim surrounding condensation 6 (Fig. 6 ). It is a Class I or Class II object (Fig. 9) . This source is bright in K S (Fig. 7) and has a near-IR excess (Fig. 8) .
No stars are observed at the millimetre peak of the condensations. This indicates either that no stars are there at all, or that earlier phases of star formation have taken place but are not detected in the mid IR due to the low temperature of the sources and the high extinction. Typical spectral energy distribution of Class 0 sources shows mid-IR fluxes below the GLIMPSE detection limits. Deeper mid-IR observations are needed to address the question of star formation at condensations millimetre peak. Figure 12 presents the Hα velocity field of RCW 79. The zones of brightest Hα emission have a mean velocity of −44 km s −1 . An annular structure of more diffuse emission, with a velocity ∼ −50 km s −1 , limits the H  region; especially, at the southern border of RCW 79, a clear arc-like structure is observed at −51 km s −1 . The Hα emission observed at 13 h 40 m 10. s 3, −61
The velocity field of the ionized gas
• 38 ′ 35 ′′ , in the direction of the "hole" observed in the dust ring, has a velocity of −40 km s −1 . Thus, the shape of the dust ring surrounding the ionized region, with its conspicuous hole, and the velocity field showing a flow of ionized material at a few km s −1 , suggest that the molecular environment of RCW 79 is broken in the north-west, and that the ionized gas is flowing away from the centre of the H  region through this hole. This is coherent with the observed location of the most massive condensations to the south and west, limiting the ionized zone more efficiently in this direction. The presence of a molecular cloud to the south of RCW 79 (Saito et al. 2001 ) corroborates this interpretation. The observed −51 km s −1 to −40 km s −1 Hα velocity range is in good agreement with the velocities measured from the H109α radio recombination line by Wilson et al. (1970, −46.4 fig. 13 ). The shape of this absorption strongly suggests that it is associated with the H  region RCW 79. We checked the H  data cube and observed an H  absorption at −25.6 km s −1 that has the same structures as the ones seen in the Hα emission, especially the northern Hα flow. However the H  velocity does not correspond to that observed for the ionized gas. A problem of H  velocity calibration may occur in this case. Whitworth et al. (1994) have developed an analytical model to describe the fragmentation of the shocked dense layer surrounding an expanding H  region. In particular, these authors predict the time at which the fragmentation occurs, the size of the H  region at that moment, the column density of the layer, the masses of the fragments and their separations along the layer. The adjustable parameters of the model areṄ Lyc , the number of Lyman continuum photons emitted per second by the exciting star, the density n 0 of the surrounding homogeneous infinite medium into which the H  region expands, and a S , the isothermal sound speed in the compressed layer. The derived quantities depend weakly onṄ Lyc , somewhat on n 0 , and strongly on a S .
Comparison with the model of Whitworth et al.
Whitworth et al. point out that the adopted value of 0.2 km s −1 for a S is likely to represent a lower limit of the sound speed in the layer, as both turbulence generated by dynamical instabilities and extra heating from intense sub-Lymancontinuum photons leaking from the H  region tend to increase this value. This point is very important because the mass of the fragments depends strongly on this velocity: M fragment ∝ a 40/11 S . Estimating an accurate value of a S in the hot PDR surrounding an H  region is an important issue, especially for a realistic comparison with analytical models. In the following we will consider values in the range 0.2-0.6 km s −1 . RCW 79 appears as an "isolated" H  region, as observed in large scale mid-IR images (MSX and Spitzer). The 13 CO integrated intensity map indicates that dense material, with densities of 10 3 cm −3 , is present in condensations at the periphery of the ionized region, with weak emission outside this structure (see Saito et al. 2001) . In the following we will consider densities in the range 300-3000 cm −3 . The rate of Lyman continuum photon emission by the exciting star of RCW 79 is 2.9 × 10 49 photons s −1 (Sect. 2). We adopt this value in the following.
According to Whitworth et al. , the time at which the fragmentation starts is t frag ≈ 1.42 a where a .2 = a s /0.2 and n 3 = n 0 /1000 are dimensionless variables. The actual radius of the H  region, R ∼ 6.4 pc, allows us to estimate its dynamical age, t dyn , which depends of the density of the medium into which the region evolves. According to Osterbrock (1989) , a star emitting 2.9 × 10 49 ionizing photons per second forms a Strömgren sphere of radius R 0 (pc) = 0.965 n −2/3 3 . This ionized region expands; according to Dyson & Williams (1997) , its radius varies with time as
where R and R 0 are in parsecs and t dyn in years. Fig. 13 shows how t dyn and t frag vary as a function of n 0 , for three values of a S (0.2, 0.4, and 0.6 km s −1 ). Of course, t dyn must be larger than t frag , as we are seeing molecular fragments already formed at the border of RCW 79. This indicates that n 0 ≥ 1200 cm −3 if a S = 0.2 km s −1 , or n 0 ≥ 2400 cm −3 if a S = 0.6 km s −1 . In the same way Fig. 14 shows the radius of the layer at the time of fragmentation, r frag , as a function of n 0 . This can be compared with the actual radius of the H  region, which must be larger than r frag as fragmentation has occured. This shows that n 0 ≥ 950 cm
if a S = 0.6 km s −1 . Fig. 15 allows one to compare the mass of the fragments estimated by the model and the mass of the most massive observed condensation. This comparison shows that massive fragments can only form if a S is high.
Adopting a reasonable value of n 0 = 2000 cm −3 , we estimate a dynamical age of 1.7 Myr for RCW 79. According to the model and assuming a S = 0.4 km s −1 , fragmentation occured some 10 5 years ago, after 1.6 Myr of evolution; the radius of the H  region was then 5.6 pc. This constrains the age of the compact H  region and its exciting cluster. We adopt, for the radius of this region, 1.7 pc, which is the radius of the 8 µm PAHs emission ring surrounding it. A dynamical age of 0.13 Myr is then estimated for the compact H  region, assuming n 0 = 3000 cm −3 for a S = 0.4 km s −1 . This result is com- Fig. 15 ). Note that adopting a higher value for the sound speed (0.6 km s −1 ) and a higher density (2500 cm −3 ) lead to an unreasonably young dynamical age of 37000 years for the compact H  region.
The model of Whitworth et al. assumes expansion into an infinite and homogeneous medium. This is probably unrealistic and may explain some of the discrepancies between the predictions of the model and the observations. A massive star forms in a dense core, but as the H  region grows in size it probably expands into a medium of lower density. Hence the necessity of models taking into account evolution in a non-homogeneous medium, such as the models developed by Hosokawa (private communication). Also, Whitworth et al. assume spherical symmetry around the exciting star. Thus some fragments, and subsequently some YSOs, should be observed in the direction of the ionized gas. This is not the case: in RCW 79, as well as in Sh 104 (Deharveng et al. 2003) , the main fragments and the YSOs seem to form in a preferential plane. Thus non spherical models are also needed.
Other star-formation triggering mechanisms such as the pressure-induced collapse of pre-existing clumps (Lefloch & Lazareff 1994) and/or the growth of dynamical instabilities in the collected layer (Garcia-Segura & Franco 1996) cannot be ruled out in the case of RCW 79. In particular, the morphology of the south-west ionization front, as traced by the GLIMPSE 8 µm filaments, is very chaotic, showing protruding structures (elephant trunks or small-scale bright rims). The presence of such small-scale structures is expected if the ionization front moves into an inhomogeneous medium, or if small-scale clumps are formed on short time scales by dynamical instabilities. For example, the formation of object 6 near condensation 4 (Fig. 6) , observed on the top of a bright rim, probably results from the pressure induced-collapse of such a structure. However, the more massive fragments observed along the annular collected layer, and especially the most massive fragments (condensations 2 and 4), diametrically opposite each other along this ring, point to a prevailing large-scale, long time scale mechanism such as the collect and collapse process.
Conclusions
We have presented a new 1.2-mm continuum map and near-IR images of the Galactic H  region RCW 79. The 1.2-mm map reveals the presence of a layer of cold dust at the periphery of the ionized region. This material has most probably been collected, during the expansion of the H  region, between the ionization and the shock fronts. This layer is presently fragmented. Five large and massive fragments are observed along the borders of RCW 79. The two most massive fragments are diametrically opposite in this layer.
The three most massive fragments are associated with young, massive objects, as revealed by near-and mid-IR data. These objects are mainly luminous Class I sources. Some other are associated with nebulosities with typical mid-IR colours of filaments in PDRs, indicating that they are possibly early B stars surrounded by small PDRs.
Signposts of recent star formation (maser emission associated with a Class I source) nearby a compact H  region indicate that star formation is still active there.
Kinematic information from Hα observations reveals that RCW 79 may experience a champagne phase acting as a destructor of the surrounding annular structure. This fact complicates the modeling of this region . However, it is probable that the fragmentation of the annular structure occurred prior to the champagne phase. The formation of massive fragments in the layer favours the creation of lower density zones through which the ionized gas can escape easily.
The analytical model of Whitworth et al. 1994 , describing the collect and collapse process, accounts for the global properties of this region. RCW 79 is 1.7 Myr old; the collected layer fragmented some 10 5 yrs ago; this is also the age of the compact H  region observed at the periphery of RCW 79, of its exciting cluster and also probably of the numerous Class I sources observed towards the most massive fragments. The large masses of the observed fragments indicate a large sound velocity (at least 0.4 km s −1 ) in the compressed layer; this is to be expected in a hot PDR surrounding an H  region. However the observations show that the fragments and the massive YSOs are all found in a preferential plane, which cannot be explained by Whitworth's model. Non-spherical, non-homogeneous density models are needed.
Different processes of triggered star formation are probably simultaneously at work in this region. Some YSOs are associated with small-scale structures such as bright rims. Their formation has probably been triggered by the pressure-induced collapse of a pre-existing molecular clumps, or of clumps resulting from dynamical instabilities in the collected layer. The large and massive fragments observed at the periphery of RCW 79 most probably result from the gravitational collapse of the layer of collected material, according to the collect and collapse process.
All the new observational facts presented in this paper indicate that we are dealing with the collect and collapse process as the main triggering agent of massive star formation at the borders of RCW 79. The presence of obscured zones towards the peaks of the millimetre condensations indicate that precursor sites of massive-star formation may still be present, representing ideal sites to address the question of massive star formation.
